The tubule pathology of septic acute kidney injury: a neglected area of research comes of age  by Venkatachalam, Manjeri A. & Weinberg, Joel M.
commentar y
338   Kidney International (2012) 81
isolate these precise upstream mechanisms 
responsible for the reported benefi t. Over-
all, it hints at a future potential for 
adsorption / CytoSorb therapy in the man-
agement of sepsis, although this will 
require a better defi nition of the critical 
pathophysiological mechanisms, with a 
closer look at events early in the genesis of 
sepsis. Until we resolve some of these key 
issues, the role of ECTs in the management 
of sepsis will continue to be debated. 
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 Renal failure during Gram-negative 
sepsis can be profound, diffi  cult to treat, 
and fatal. 1,2 It occurs in a well-known set-
ting of endotoxemia, endotoxin binding 
to endothelium and leukocytes, produc-
tion and release of cytokines, and a sys-
temic  ‘ cytokine storm ’ accompanied by 
decreased peripheral vascular resistance 
and hypotension — septic shock. In light 
of the dire systemic disturbance, a puz-
zling aspect of acute kidney injury (AKI) 
in sepsis is the paucity of structural renal 
damage despite severely impaired func-
tion. 2,3 Although the glomerular fi ltration 
rate (GFR) can decrease during septic AKI 
as a consequence of generalized circula-
tory collapse and attendant reduction of 
renal blood fl ow (RBF), 1 kidney-specifi c 
factors have important roles as well and 
may dominate. Renal events that deter-
mine septic AKI have been examined in 
animal models. 3,4 When the macrocircu-
lation fails, RBF and GFR decrease, but 
these hallmarks of AKI are also evident in 
normotensive models of murine endotox-
emia. 1,3,5 Moreover, persistent azotemia 
develops in sheep injected with live 
 Escherichia coli despite increased RBF. 3 
Along these lines, early volume replace-
ment can restore GFR in some models, 
whereas in other situations, it only allows 
AKI to be expressed, by delaying death 
due to systemic sepsis. 3 Thus, kidney 
injury seems likely during sepsis. Never-
theless, as stated earlier, overt structural 
damage of the kidney is uncommon in 
septic AKI, 2 and the best-documented 
lesion is subtle vacuolation of tubule epi-
thelium, 3 a pathology that has not received 
rigorous investigative attention. On the 
other hand, we know that renal damage in 
experimental septic AKI is potentially 
reversible, at least by inference from the 
benefi ts aff orded by early interventions 
that restore renal function. Such inter-
ventions include volume replacement, 
renal denervation, free radical scavengers, 
and anti-inflammatory therapies. 1,3,5 
Although these modalities could work 
entirely through their eff ects on systemic 
 hemodynamics or the renal circulation, 
equally plausible arguments could be 
mounted for the primacy of a tubular 
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lesion that in murine and rat models leads 
to refl ex renal vasoconstriction. In the 
latter case, the eff ects of early benefi cial 
interventions could conceivably be 
directed at preventing further renal dam-
age by purchasing time for damaged 
tubules to recover. To us, it is a conun-
drum: Does decreased RBF — the result of 
a systemic cytokine storm and hemo-
dynamic collapse and / or a renal circula-
tory abnormality — cause tubule pathology 
in the form of nonspecifi c reversible dam-
age? Or is there a specifi c tubule lesion 
that is produced by cytokines or endo-
toxin? Both tumor necrosis factor-  
(TNF-  ) and lipopolysaccharide (LPS) 
have direct proinflammatory effects 
on tubules, 4,6 and LPS directly induces 
TNF-  expression in tubules, 7 an eff ect 
that synergizes with other stresses to pro-
mote the tubular production of toxic 
cytokines. 8 Moreover, endotoxic AKI was 
shown to require TNF-  receptors in kid-
neys, 9 although it was not demonstrated 
whether tubule or endothelial receptors, 
or both, played the critical roles. AKI was 
attended by subtle tubule vacuolation and 
modestly increased apoptosis in tubules. 
Arguably, these fi ndings could weigh in 
favor of a primary tubule lesion that is 
produced by LPS and TNF-  . 
 Holthoff   et al. 10 (this issue) now clarify 
some aspects of the renal vascular patho-
physiology of sepsis. They report that 
intraperitoneal injections of the plant 
polyphenol resveratrol rapidly correct the 
decrease of RBF and to a lesser extent the 
reduction of GFR that occur during septic 
shock induced by cecal ligation and punc-
ture (CLP). Septic shock produced by CLP 
was accompanied by hypotension; never-
theless, improvements of RBF and GFR 
took place without alterations of mean 
arterial pressure or heart rate. Th is is an 
important observation because it suggests 
that the actions of resveratrol were tar-
geted at the kidney (although it has 
 multiple systemic eff ects) and therefore 
implies that septic AKI developed as a 
consequence of kidney-specifi c patho-
physiology. Treatment with resveratrol 
led to amelioration of tubule oxidant 
stress, improvement of blood fl ow along 
capillaries adjacent to stressed tubules, 
diminution of protein nitration in tubules, 
less azotemia, and prevention of tubule 
pathology characterized by brush border 
loss with focal vacuolation and sloughing 
of tubule cells. Th ese benefi ts were associ-
ated with increased survival. 
 In previous studies cited in the bibliog-
raphy, research by this group of investiga-
tors examined the relationships between 
tubule oxidant stress and renal micro-
circulation in murine and rat models of 
septic AKI induced by endotoxin and CLP 
( Figure 1 ). Th ey used fl uorescence intra-
vital video microscopy of kidneys to 
monitor blood fl ow and oxidation of dihy-
drorhodamine in tubule epithelium 
to demonstrate close coupling of tubule 
oxidant stress and sluggish blood flow 
along immediately adjacent capillaries. 
Notably, oxidized rhodamine fluores-
cence colocalized with areas of tubules 
with cytoplasmic vacuolation observed 
 in vivo . 11 Tubule-cell vacuolation is the 
most consistent pathology of septic AKI, 3 
and these fi ndings suggest that oxidant 
stress is involved in its pathogenesis. Fur-
thermore, this work showed that inducible 
nitric oxide synthase (iNOS) becomes 
increased and nitrotyrosine protein 
adducts are formed in tubules during 
endotoxic or CLP AKI, and that selective 
iNOS inhibition by  l - N 6 -(1-imino ethyl)
lysine abolishes tubule oxidant stress and 
corrects the micro circulatory abnormal-
ity. 11 Although some of this earlier work 
was handicapped by omission of blood 
pressure and RBF measurements, these 
investigators did show that RBF is lowered 
without decrease of mean arterial pres sure 
during septic AKI in rat pups. As in 
murine models, reduction of RBF was 
refl ected by compromised circulation in 
capillaries immediately adjacent to tubules 
with dihydrorhodamine fl uorescence, sug-
gesting a close relationship between tubule 
stress and sluggish microcirculation. 12 
 Holthoff   et al. 10 believe that resveratrol 
protected against septic AKI by decreas-
ing the activity of reactive nitrogen 
species. Th is is supported by the group ’ s 
previous work showing that resveratrol 
scavenges peroxynitrite and that iNOS 
inhibition is also protective. 11,13,14 Fur-
thermore, it is known that interventions 
that scavenge superoxide also protect, 5 
consistent with the known requirement 
of both superoxide and nitric oxide to 
produce the major agent that nitrates 
proteins — peroxynitrite. Interestingly, res-
veratrol scavenges diverse free radicals, 
including superoxide. Th ese properties of 
resveratrol neatly fall into place with effi  -
cient protection against tubule oxidant 
stress and protein nitration aff orded by 
the compound. Holthoff   et al. 10 do not 
take a position regarding the primacy of 
the tubular versus microcirculatory 
abnormalities that they document. Slug-
gish capillary blood fl ow could lead to 
tubulointerstitial hypoxia and secondary 
tubule-cell effects. However, tubule 
pathology could also occur primarily, a 
contention that would be supported by 
tubule-selective induction of TNF-  by 
 Figure 1  |  Renal pathophysiology in septic AKI as suggested by the findings of Holthoff  et al. 10 
and Tran  et al. 18 GFR, glomerular filtration rate; LPS, lipopolysaccharide; PGC-1  , PPAR-  
coactivator-1  ; RBF, renal blood flow; TNF-  , tumor necrosis factor-  . 
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PGC-1  corrects the mitochondrial 
defect. Importantly, Tran  et al. demon-
strate profound mitochondrial dysfunc-
tion in tubule cells that displayed little 
pathology by light and electron micros-
copy beyond occasional cells with diff use 
mitochondrial swelling and only focal and 
subtle mitochondrial changes in the vast 
majority of cells. Th e authors are cautious 
not to invoke a primary role for PGC-1  
suppression in causing the observed 
changes; they speculate that mitochon-
drial defects could have resulted from the 
actions of reactive oxygen and nitrogen 
species, and urge further studies to inves-
tigate the relationships between mito-
chondrial pathology and PGC-1  . It is 
also conceivable that some forms of sup-
pression of mitochondrial function during 
sepsis in tubule and other cells, including 
endothelial cells, are adaptive. 15,19 Th ese 
studies emphasize the value of further 
exploring how LPS, or one or more of the 
cytokines involved in septic shock, could 
produce the described changes as a con-
sequence of their direct actions on tubules. 
Multiple mechanisms have been proposed 
in nonrenal cells, 15 and others are possi-
ble. Th e fi ndings of Tran  et al. 18 are novel 
and need confi rmation and validation to 
demonstrate their importance in deter-
mining tubule dysfunction and clinical 
outcome. Th at they are irrelevant down-
stream events appears unlikely. The 
actions of resveratrol in septic AKI 
reported by Holthoff   et al. 10 were quite 
rapid, and consistent with its role as a 
scavenger of oxidant species. However, 
resveratrol has prominent and important 
actions on PGC-1  , mitochondrial bio-
genesis, and cellular antioxidant enzymes 
related to its eff ects on sirtuins, 20 mecha-
nisms that should be investigated. 
Together, the fi ndings of Holthoff   et al. in 
this issue of  Kidney International 10 and 
the report by Tran  et al. in the  Journal of 
Clinical Investigation 18 provide a wealth of 
interesting and intriguing new data that 
will enable investigators to formulate new 
hypotheses and more intensively pursue 
research in a fi eld that heretofore has not 
received the attention it deserves — the 
tubule pathology of septic AKI. 
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LPS. 7 Th e relative importance of hemo-
dynamic as opposed to parenchymal-cell 
dysfunction in the pathophysiology of sep-
sis has long been debated for other tissues, 
with substantial evidence for parenchymal 
cellular metabolism as the target in many 
cases. 15 Consistent with the latter possibil-
ity in the kidney, sluggish capillary fl ow that 
is closely coupled to tubule stress can also 
be explained by refl ex vasoconstriction at 
the single-nephron level, such as that docu-
mented for single tubules with oil blocks. 16 
The nature of this reflex is obscure, but 
similar phenomena probably contribute to 
the renal vasoconstriction seen during 
diverse renal injuries — a mechanism 
designed to prevent fluid loss — termed 
 ‘ acute renal success. ’ 17 Clearly, more studies 
are needed to investigate whether an 
endothelial pathology that is suffi  ciently 
severe to obstruct peritubular capillary 
blood flow occurs during septic AKI. 
Barring such a demonstration, the fi ndings 
of Holthoff  et al. 10 are better explained 
by functional vasoconstriction. 
 The case for a tubule pathology that 
determines the course of septic AKI 
was strengthened in other recent work 
( Figure 1 ). Tran  et al. 18 attribute LPS-
induced AKI to mitochondrial dysfunc-
tion in the kidney, accompanied by 
diminished expression of PPAR-  coacti-
vator-1  (PGC-1  ), a regulator of mito-
chondrial biogenesis, and of genes coding 
for proteins required for oxidative phos-
phorylation. To a limited extent, they 
verify these fi ndings in the CLP model of 
AKI. Th ey demonstrate that although RBF 
is reduced in endotoxic AKI, tissue oxy-
genation remains intact, suggesting that 
kidney oxygen consumption is decreased. 
Enzyme histochemistry showed that the 
functions of cytochrome  c oxidase and 
NADH dehydrogenase in mitochondria 
become profoundly reduced. Th e latter 
fi ndings are consistent with prior observa-
tions in other tissues. 15 Using mice with 
global as well as proximal tubule deletion 
of PGC-1  and cultured cell models, Tran 
 et al. 18 off er provocative data implying 
that PGC-1  is required to restore mito-
chondrial functional integrity during 
recovery from endotoxic insults. Further-
more, it would appear that TNF-  can 
suppress PGC-1  expression and  oxygen 
consumption, and that over expression of 
